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Abstract
Recent studies of wild populations provide compelling evidence that survival and reproduction decrease with age because
of senescence, a decline in functional capacities at old ages. However, in the wild, little is known about effects of parental
senescence on offspring quality. We used data from a 21-year study to examine the role of parental age on offspring
probability of recruitment in a long-lived bird, the blue-footed booby (Sula nebouxii). Offspring probability of recruiting into
the breeding population varied over the life of parents and effects age were similar in mothers and fathers. Offspring
recruitment was high when parents were roughly 6–12 years old and low before and after then. Effects of parental age on
offspring recruitment varied with lifespan (parental age at last reproduction) and previous breeding experience. Offspring
recruitment from young and old parents with long reproductive lifespans was greater than that of offspring from parents
with short lifespans at young and old ages. For parents with little previous breeding experience recruitment of offspring
decreased with their hatch date, but experienced parents were no similarly affected. We found evidence of terminal effects
on offspring recruitment in young parents but not in older parents, suggesting that senescence is more likely a gradual
process of deterioration than a process of terminal illness. Failure to recruit probably reflects mortality during the first years
after independence but also during the fledgling transition to full independence. Our results show effects of parental age
and quality on offspring viability in a long-lived wild vertebrate and support the idea that wild populations are composed of
individuals of different quality, and that this individual heterogeneity can influence the dynamics of age-structured
populations.
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Introduction
Parents can influence offspring phenotype through genetic and
non-genetic effects, the latter resulting from factors other than
simple nuclear DNA [1]. Understanding evolution by natural
selection requires understanding both genetic and environmental
influences of parents on offspring fitness [2,3]. In iteroparous
animals reproductive performance generally varies with age [4,5],
suggesting age-dependent parental effects. These effects can affect
variation in the force of natural selection across the lifespan
whenever different age-classes contribute differentially to the gene
pool [6–8].
In natural populations, effects of parental age on the number of
offspring reared to independence are well documented [9–12].
Typically, young and older parents produce fewer offspring than
middle-age parents. However, determining only the number of
offspring produced could be insufficient to estimate the magnitude
of parental age effects if, for example, offspring quality (i.e.
offspring survival and reproduction after independence) is also
affected by parental age [13]. Some studies in the laboratory
suggest that parental age at conception can influence offspring
survival after independence and life history trajectory [14,15]. For
example, in the fruit fly Drosophila melanogaster, parental age,
particularly the age of the mother, influences offspring longevity
and the shape of the curve of age-specific mortality: older mothers
generally produce shorter-lived offspring, although the exact effect
of maternal age on offspring longevity depends on initial genetic
heterogeneity among parents [16,17]. However, the generality and
overall importance to other systems of parental age effects
demonstrated in laboratory organisms has been questioned
[18,19].
Studies of parental age effects on offspring quality in wild
populations have only recently been carried out and results are
mixed. In the red squirrel, Tamiasciusus hudsonicus, offspring survival
from weaning to one year of age declined with increasing mother
age [20], and in the great tit, Parus major, proportion of young that
recruited to the breeding population decreased with female age
[21]. Furthermore, great tit females hatched from older mothers
displayed a stronger rate of reproductive senescence in the number
of hatchlings and recruits produced than females hatched from
younger mothers; nonetheless, reproductive lifespan and lifetime
reproductive success (total number of recruits produced) were
unaffected by maternal age [22]. In contrast, in the red-billed
chough, Pyrrhocorax pyrrhocorax, parental age did not influence
fledglings first-year survival [13]. Hence, in wild vertebrates effects
of parental age on offspring performance after independence are
yet poorly understood, probably because long-term monitoring of
large populations is required.
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development or later in life, such as parental germline defects [23–
24] or egg maternal effects [17,25]. In birds, age affects germline
quality [25–27], with potential consequences for offspring
development and survival [28,29]. Old parents may also provide
less or poorer parental care [25]. Furthermore, previous
reproductive effort could positively or negatively influence the
number and quality of offspring produced. In young animals,
previous effort could positively influence breeding performance
[30–32], because experienced parents frequently have greater skills
and better quality mates or territories [33–36]. However, previous
reproductive effort can increase somatic deterioration, reducing
parental performance, particularly of older animals [37].
Individual heterogeneity may strongly impact age-reproductive
patterns in animals. Recent studies suggest that populations are
composed of individuals of different quality [30,38]. Thus,
population-level effects of parental age might result from selective
disappearance (or appearance) of certain phenotypes, rather than
within-individual processes, such as senescence [13,39–41].
Selective disappearance might occur, for example, when differen-
tial mortality of individuals that invest heavily in reproduction
leads to progressive disappearance of good reproducers [40].
Detecting parental age effects may be difficult when there is
individual heterogeneity because senescence patterns may vary
between individuals of different quality [40]. Lastly, effects of
parental age may be confounded or obscured by terminal effects,
when individuals close to death are sick or in poor condition
(terminal illness[42–44]), or increase effort on their last reproduc-
tive event (terminal investment [45,46]).
Here, we used data from a 21-year study to examine effects of
parental age on offspring recruitment in the blue-footed booby,
Sula nebouxii, an iteroparous long-lived tropical seabird with lengthy
biparental care (up to six months; [47,48]). In birds, recruitment
has been considered a major component of offspring quality [13],
and in the blue-footed booby the probability of recruitment varies
considerably [49,50], accounting for substantial variation in
individual fitness. Also, age of male and female boobies influence
reproductive success [25,51,52], with steady increase in the
number of fledglings produced until roughly the tenth year of
age, followed by progressive decline [51–53]. Development and
survival of booby chicks before independence are affected by the
amount of incubation, defence and food provided by both parents
[54,55]. In this study we examined the associations between
parental age and probability of fledglings’ recruitment to address
four questions: (1) Does parental age influence the probability of
recruitment of offspring? (2) Are parental age effects (if present)
due to changes over individual lifetimes (i.e. within-individual
heterogeneity) or differences in quality of individual parents (i.e.
between-individual effects)? (3) Are parental effects related to
previous reproductive effort? 4) Does offspring recruitment differ
when parents are in their last reproductive event?
Materials and Methods
Ethics statement
The work met the Mexican legal requirements about animal
welfare and long-term field work was annually supervised and
approved by Direccio ´n General de Vida Silvestre, Secretarı ´ad e
Gestio ´n para la Proteccio ´n Ambiental (SEMANART permit
numbers 517, 574, 5664, 10470, SGPA/DGVS/01323, SGPA/
DGVS/3152, SGPA/DGVS/1543, SGPA/DGVS/0491, SGPA/
DGVS/1547, SGPA/DGVS/10832, SGPA/DGVS/01916,
SGPA/DGVS/00733, SGPA/DGVS/00357, SGPA/DGVS/
00505, SGPA/DGVS/00091).
Study area
The study was carried out in the breeding colony of blue-footed
boobies at Isla Isabel, Nayarit (21u529N, 105u549W), off the Pacific
coast of Mexico. To evaluate the effects of parental age and
previous reproductions (number of previous reproductive at-
tempts) over the lifetime on recruitment of fledglings to the
breeding colony, we used longitudinal data on the reproduction
and offspring of two cohorts of fledglings (1988 and 1989) in a
long-term study.
Long-term study
In every breeding season the reproductive performance of all
breeders in two study areas (20,800 m2 and 6,089 m
2, roughly
400 m apart) was recorded. In each nest laying, hatching and
survival of eggs and chicks were registered every 3 days until most
chicks reached age 30 days and thereafter every 6 days until age
70 d (at this age, males and females have reached between 98–
100% of their skeletal growth, [49]). Chicks that hatched before
the start of monitoring were aged by bill and ulna length [49].
Chicks were individually marked within 3 d of hatching with
coloured leg bands, which were replaced by numbered plastic
bands at age 7–10 days and by numbered steel bands at age 70
days. The band numbers of breeding birds were recorded and
confirmed by independent readings on up to three days.
Reproduction was monitored during roughly 5 months of every
year, until the end of the colony’s fledging period.
Blue-footed boobies are highly philopatric to their natal
neighbourhoods (median natal dispersal distance: males, 24.1,
females, 28.3 m) and show long term fidelity to their first breeding
site. Since they apparently disperse from the study colony only
rarely [56,57,58], the long-term study protocol allows us to record
reproductive histories of nearly all recruits from the study areas.
Survival of chicks was recorded until nearly the end of the growing
period (70 d) but not until complete independence from parents.
Blue-footed booby plumage development is completed at roughly
90 d, when fledglings are able to fly [48]. As in many species of
seabirds, fledglings go through a transition period where parents
feed them for approximately another 30 to 40 days whereas they
develop foraging skills [47]. Hence, failure to recruit to the natal
breeding population could occur because offspring died soon after
we last registered them at age 70 d, subsequently during the
transition to independence or during the first years of independent
life. Additionally, some offspring could reach sexual maturity but
fail to reproduce or disperse to another colony. We have no
measure of how many offspring simply failed to reproduce, but
dispersal from our study colony to other breeding colonies is low
[49,56,57,58]. During the growth period 52% of hatched chicks
died but more than 95% of this mortality occurs before age 30
days (Garcı ´a Cerecedo MA, Saavedra Sordo MT and Drummond
H, unpublished data), and fledglings are rarely found dead in the
colony. In the year (1989) when we registered survival until
plumage was completed only five out of a total of 1000 chicks died
at age between 70 and 92 d. Thus, mortality during transition to
independence and the first years after independence probably
accounts for most of offspring failure to recruit.
Statistical analyses
The probability of recruitment during the first 6 years of life of
fledglings from parents of cohorts 1988 and 1989 was analyzed. In
this species, females breed for the first time at age two to eight
(3.8560.08) years and males at age one to ten (4.3260.09) years,
and more than 95% of male and female recruits bred for the first
time during the first 6 years of life [49]. Individuals that were not
recorded breeding during their first 6 years were assumed to have
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parent from cohorts 1988 and 1989. Nevertheless, 215 out of 1601
fledglings had both parents in either cohort 1988 or cohort 1989.
To avoid repetition of data, in these cases only a single parent,
selected at random, was included in the analyses. If assortative
mating by age occurs in a population, a similar pattern of aging
effects in both sexes could arise from senescence in only one sex.
However, this does not seem to be the case in the studied
population, in a breeding season no correlation between ages of
mates was found [53].
The linear and quadratic effects of parental age on fledgling
recruitment, including the identity of the parent as a random
factor, were analysed using Generalized Linear Mixed Models
(GLMMs) with Binomial error distribution, a logit link function
(GLIMMIX) [59] and the Satterthwaite approximation for the
denominator degrees of freedom [60]. We included parental sex
and its interactions with the linear and quadratic effects of parental
age to test for differences between maternal age and paternal age
on the probability of offspring recruitment. To assess whether
decline in the probability of offspring recruitment at older parental
ages was significant, General Additive Models (GAMs) were used
to determine parental age at onset of senescence (the predicted
peak by the GAM). The GAM models were fitted with binomial
error distribution, a logit link function, and spline smoothers
selected by generalized cross validation (GAM procedure in SAS)
[59]. Then, a GLMM (as described above, but excluding the
quadratic effects) was adjusted to data from parental age at the
onset of senescence (as predicted by the GAM) onward.
To probe the potential mechanisms underlying observed
patterns of senescence [39], we performed an additional GLMM
as described above but which included as covariates: recruiting age
of parent, parental age at last observed reproduction (an
estimation of the individual reproductive lifespan), number of
previous breeding attempts by parent, fledgling’s hatch date
(number of days between laying of the egg the fledgling hatched
from and the laying of the earliest clutch in the same year) to test
for effects of early conditions on offspring recruitment, parental
cohort (1988, 1989) and the annual proportion of recruitment
from each cohort included in our analyses (1991 to 2003) to
control for differences in recruitment due to annual variations.
Parental age at last reproduction was analysed up to 2005, i.e.
maximum ages 17 and 16 for individuals from cohorts 1988 and
1989, respectively. This is an appropriate estimation of age at last
reproduction because roughly only 5% of individuals are still alive
at ages 17 [53]. Parental age at last reproduction was included in
the model to account for selective disappearance from the
breeding population and differences in senescence patterns
between parents of different lifespan [39]. To evaluate the
potential of terminal effects, we included a two-level variable for
parents’ last reproductive event (last or not). The identity of the
parent was included as random effect. Initially all explanatory
variables and their two-way interactions, and the quadratic terms
for parental age, parental age at last reproduction and previous
breeding attempts were fitted in the model. To test for difference
in the effects of maternal and paternal age on offspring
recruitment, two and three-way interactions with sex were also
included. Nonsignificant terms were dropped sequentially starting
with three-way interactions until the minimal adequate model was
obtained. Interactions between parental age (linear and quadratic)
and parental age at last reproduction tested whether age effects
differ between birds of different lifespan while the interactions
between parental age and parents’ last reproductive event tested
the age-specific effect of terminal effects. Statistical significance of
random effects was assessed using the restricted likelihood ratio
test as the change in 22 log-likelihood of the model with and
without the individual effect. This difference is distributed as x2
[60].
Results
Parent age had a significant quadratic effect on the probability
of offspring recruitment (GLMM, parental age, F1,1601=33.47,
P,0.0001; parental age
2, F1,1601=31.18, P,0.0001; Figure 1),
and there was no evidence that maternal and paternal age effects
differ (parental age*sex, F1,1598=0.11, P=0.74, parental age
2*sex,
F1,1600=0.02, P=0.89). The age spline in GAM was also
significant (P=0.0001), revealing that fledgling recruitment
increased steadily up to parent age of five years, followed by a
plateau and an abrupt decline after parent age of 12 years. In the
analysis of parents of age 12 and older, there was a significant
negative linear effect of parent age on recruitment (estimate,
21.20, F1,152=13.81, P,0.001).
The additional model to test potential mechanism (see methods)
confirmed a quadratic effect of parental age on offspring
recruitment (Table 1). In this model, the interaction of parental
age
2 and parental age of last reproduction (parental longevity) on
fledgling recruitment was significant (Table 1). Thus, fledglings
from long-lived parents had higher recruitment probability and a
lesser quadratic effect of parental age compared to fledglings from
shorter-lived middle aged parents (Figure 2).
We also found evidence of terminal effects, especially in
offspring of young parents (Parental last reproduction*Parental
age, Table 1; Figure 3). Fledglings from young parents (,10 years)
in a terminal reproduction had lower recruitment probability
compared to fledglings from non-terminal parents (Figure 3b), but
this effect was not found in old parents (Figure 3b). Also, the
interaction of number of parental previous breeding attempts and
fledgling hatch date was significant (Table 1). The probability of
fledgling recruitment decreased with fledgling hatch date for
parents with low experience, but not for high experienced parents
(Figure 4). There was no evidence that maternal and paternal age
effects differ (sex and its second- and third-order interactions with
main effects, P.0.11). Offspring recruitment covaried with cohort
recruitment from population (Table 1), but the effects of parental
cohort and parent recruiting age were not significant (P.0.63).
Figure 1. Parental age effects on fledgling recruitment. Circles
represent the proportion of fledglings that recruited from each parental
age class. Numbers next to circles are sample sizes.
doi:10.1371/journal.pone.0027245.g001
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We found that offspring recruitment probability varies over the
life of parents but, interestingly, these effects were modulated by
parental life-history, suggesting individual heterogeneity in paren-
tal effects. We did not detect any differences between mothers and
fathers in the effects of parental age on the probability of offspring
recruitment. Overall, fledgling recruitment was highest when
either parent was roughly 6 to 12 years old, while younger and
older parents produced fledglings less likely to recruit. The decline
in recruitment of fledglings produced by senescent parents was
confirmed by a posteriori analysis on the data subset after age 12
years, the parental onset of senescence. In the blue-footed booby
reproductive success varies with age, and males and females
between roughly 8 to 10 years of age produce more fledglings than
younger or older parents [25,51,53]. Hence, assuming recruits of
different aged parents enjoyed similar reproductive success, our
long term study suggests that some age classes contribute
significantly more to the gene pool than others by producing
more fledglings with higher probability of recruiting to the
breeding population, thus affecting the strength of selection across
parental life.
Effects of parental age on offspring recruitment varied with
parental age at last reproduction, an estimation of the parent’s
reproductive lifespan. Probability of recruitment of offspring from
Figure 2. Effect of age of last reproduction (PALR) and age of
parents on fledgling recruitment. Estimated surface was calculated
from the minimal adequate model reported in table 1.
doi:10.1371/journal.pone.0027245.g002
Table 1. Effect of parental age and life history traits on
fledgling recruitment during the first 6 years of life.
Variable
a Estimate (SE) F
c P
Intercept 28.75 (2.90)
Parental age (PA) 2.29 (0.80) 8.15 0.0044
PA
2 20.167 (0.055) 9.43 0.0022
Parental breeding experience (PBE) 20.11 (0.06) 3.05 0.081
Parental age of last reproduction (PALR) 0.41 (0.22) 3.71 0.054
Parental last reproduction (PLR) 21.86 (0.78) 5.63 0.018
Fledgling hatch date (FHD) 20.026 (0.0053) 23.24 ,0.0001
Cohort recruitment 4.90 (0.70) 49.28 ,0.0001
PALR*PA 20.13 (0.59) 5.14 0.023
PALR*PA
2 20.0099 (0.038) 6.93 0.010
PLR*PA 0.23 (0.086) 7.56 0.0060
FHD*PBE 0.0033 (0.00096) 11.90 0.0006
Parent identity ,0.0001
b
Data from 1601 fledglings, from 358 parents that fledged in 1988 and 1989
were analyzed.
aMinimal adequate model. The initial model included parental age (linear and
quadratic), sex, patrental cohort, cohort recruitment, fledgling hatch date,
recruiting age of parent, parental age at last reproduction, and number of
parental previous breeding attempts as fixed variables and parental identity
and parental cohort as random factors.
bStatistical significance of random factors was analyzed by restricted likelihood
ratio test.
cDegree of freedom, 1,1589.
doi:10.1371/journal.pone.0027245.t001
Figure 3. Effect of parental last reproduction (terminal event)
on the relationship between parental age and fledgling
recruitment. a) Estimated curves calculated from the minimal
adequate model reported in table 1. b) Proportion of fledglings that
recruited from total fledglings produced (numbers of total fledglings
above bars) by age classes from parents in their last reproduction (black
bars) or in a non-terminal event (white bars).
doi:10.1371/journal.pone.0027245.g003
Senescent Parents Produce Less Viable Offspring
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ages increasing up to the age of roughly 8 years and then
decreasing. In contrast, probability of recruitment of offspring
from parents of longer reproductive lifespan was relatively high at
young parental ages, increased slightly up to the age of roughly 8
to 9 years, then declined slightly with advancing age. The
recruitment enhancement until parental age 8 years may be
attributed to the combined effects of individual improvement and
selective disappearance of low quality individuals. For parents that
differ in their lifespan, reports of age-dependent variation in
reproductive traits underlying recruitment have been mixed
[11,21,38]. Parents’ reproductive lifespan influenced offspring
birth weight, but not calving date in red deer [11], improved
laying date and clutch size in mute swans [38], but did not
influence clutch size, hatching success or fledging success in great
tits [21]. Similar to what we found, reproductive lifespan of female
great tits was positively correlated to annual recruit production,
however, contrary to our study, lifespan was not related to
senescence in recruitment success [21]. In the blue-footed booby,
age at last reproduction of males and females was unrelated to age-
dependent variation in laying date, brood size, and breeding
success [53]. Nevertheless, we found that parental senescence in
offspring recruitment varied with parental lifespan (i.e. between
individual heterogeneity). Importantly, the effects of parental age
on offspring recruitment were not related to selective disappear-
ance of individuals that invested heavily early in the life. On the
contrary, we found that parents with long lifespans produce
offspring with higher recruitment probability than those produced
by parents with short lifespans. Thus, despite parents of different
reproductive lifespans made a similar breeding effort up to
fledging [53], parents with long lifespans produced offspring more
likely to recruit at younger and older parental ages, compared to
parents with short lifespans. Additionally, senescence patterns
(onset and slope) in offspring recruitment were more pronounced
in parents with intermediate lifespans than parents with long
lifespans. Thus, parental quality seems to affect offspring
recruitment throughout parental life. Overall, these results suggest
that age effects on the probability of offspring recruitment can be
attributed to changes within individual parents over their lifetimes
(improvement followed by senescence), but largely determined by
individual quality (reflected by reproductive lifespan).
In our study, terminal illness, was found in short-lived but not
on long-lived parents (i.e. age-dependent), suggesting also
heterogeneity in relation to lifespan. Thus, results suggest that
for younger birds, terminal illness probably account for their lower
breeding success. Fledglings from young parents (,10 years) in a
terminal reproduction had lower recruitment compared to
fledglings from non-terminal parents, indicating abrupt phenotyp-
ic deterioration in the last year of the life. For older parents, the
adjusted curves suggest greater investment during a terminal event
than in a non-terminal event, but the difference was not
significant. Our results suggest that a gradual age-dependent
senescence in long-lived individuals, rather than an abrupt decline
in performance in their last reproduction. A steep decrease in
reproduction in late-life has been found in several bird species
[42,43]. Here, we found that terminal illness may occur in some
age classes but not in others, highlighting that terminal effect may
be affected by individual quality. Short-lived parents are probably
more constrained, due to their physiological condition or their
experience/skills, than long-lived parents.
In the blue-footed booby, the probability of recruitment
decreases with laying date [49] and old males and females tend
to lay late in the season [53]. In birds, recruitment varies among
cohorts [61,62] and within a cohort, early fledglings are often
raised in good breeding conditions [63–65]; and early incorpora-
tion to the breeding population confers advantages throughout life
[66–68]. Interestingly, in the present study besides the effects of
parental age, recruitment decreased with fledgling hatch date for
parents with low experience, but not for those with high
experience. More experienced parents, those with more than
eight breeding events, were able to produce high-quality offspring
with high probability of recruiting into the breeding population
even late in the season, when environmental conditions are poor.
Furthermore, more experienced parents are also parents with
longer reproductive lifespans suggesting that individual quality and
breeding experience may have additive effects on offspring
recruitment. These results highlight how parental effects such as
breeding experience can modify chick rearing conditions and
overcome the negative effects of late hatching.
We found no effect of parental age at first reproduction, a life
history trait that is expected to influence senescence, on the
recruitment of offspring from parents of different ages. In the blue-
footed booby there is evidence that early onset of a male’s first
reproduction accelerates, to some extent, reproductive senescence
and decreases lifespan [53]. Nevertheless, early onset of repro-
duction by males and females did not prejudice the recruitment of
the offspring they produced at advanced ages, as found in studies
of reproductive senescence in the red deer and the red-billed
chough [11,13].
The mechanisms underlying differences in the probability of
recruitment of offspring from young and old parents are probably
different, but depend on other life history traits and individual
heterogeneity. Low recruitment of fledglings from younger parents
is probably due to constraint or restraint of inexperienced breeders
[33,69–71]. Old parents may also restrain their reproduction in
accordance with their individual levels of somatic damage to
increase the number of future reproductive events [72]. The fact
that variation in recruitment of offspring from younger and older
parents was related to individual reproductive lifespan suggests
Figure 4. Effect of hatching date and parents’ previous
breeding experience on fledgling recruitment. Estimated surface
was calculated from the minimal adequate model reported in table 1.
Hatch date was expressed as the difference in days between the laying
date of the egg the fledgling was born from and the laying date of the
earliest clutch in the same year.
doi:10.1371/journal.pone.0027245.g004
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and germline deterioration [17,28,73–75] differ among individuals
of different age and quality. In the blue-footed booby older
mothers produce smaller eggs and provide lower quality care [25].
Furthermore, older males carry greater loads of premutagenic
DNA damages in the sperm [27]. Hence, progeny of blue-footed
booby senescent males are probably at higher risk of genetic
disorders. Further work will need to investigate the possible
physiological and epigenetic effects associated with age and
reproductive lifespan and its transmission across generations.
In conclusion, in this long-lived wild vertebrate parental aging
appears to affect the viability of offspring. The diverse effects of
aging on reproductive performance recently demonstrated in wild
populations [10,40] oblige us to acknowledge the importance of
senescence in nature [37,76,77]. Our results suggest that
senescence is not the result of terminal illness but a gradual
process, although short lived parents showed deterioration (as
revealed by offspring recruitment) in their last reproductive event.
Parental individual heterogeneity influenced recruitment success,
with long-lived (i.e. high-quality) breeders performing better than
short-lived breeders at younger ages and suffering from lower rates
of senescence. Hence, intrinsic-individual factors and probably
other life-history traits influence the rate of senescence. Here, we
showed that long-lived individuals contributed considerably more
to the next generation. Our study highlights that effects of parental
age and parental quality are evolutionarily important and should
be further incorporated into theoretical models of the evolution of
senescence and the dynamics of age-structured populations (see
also [78]). Further studies should address which proximate
mechanisms are involved in variation of offspring recruitment
with parental quality and age.
Acknowledgments
We thank C. Rodrı ´guez and J. L. Osorno, and numerous volunteers who
made indispensable contributions to recording and managing the
longitudinal data. We wish to thank M.L. Leonard and two anonymous
referees for their constructive revision and comments to this article.
Permissions for fieldwork were granted by Secretarı ´a del Medio Ambiente
y Recursos Naturales, and logistical support was provided by the Armada
de Me ´xico, the staff of the Parque Nacional Isla Isabel, and many
fishermen of San Blas and Camichin.
Author Contributions
Conceived and designed the experiments: RT AV. Performed the
experiments: HD RT. Analyzed the data: AV RT. Contributed
reagents/materials/analysis tools: HD RT AV. Wrote the paper: RT AV.
References
1. Mousseau TA, Fox C (1998) Maternal effects as adaptations. Oxford: Oxford
University Press.
2. Lynch M, Walsh B (1998) Genetics and analysis of quantitative traits.
Sunderland: Sinauer.
3. West-Eberhard MJ (2003) Developmental plasticity and evolution. Oxford:
Oxford University Press.
4. Clutton-Brock TH (1984) Reproductive effort and terminal investment in
iteroparous animals. Am Nat 123: 212–229.
5. Bennett PM, Owens IPF (2002) Evolutionary Ecology of Birds: Life histories,
mating systems and extinction. Oxford: Oxford University Press.
6. Hamilton WD (1966) Molding of senescence by natural selection. J Theor Biol
12: 12–45.
7. Charlesworth B (1994) Evolution in age-structured populations. 2nd edition.
Cambridge: Cambridge University Press.
8. Baudisch A (2005) Hamilton’s indicators of the force of selection. Proc Natl Acad
Sci USA 102: 8263–8268.
9. Catry P, Phillips RA, Phalan B, Croxall JP (2006) Senescence effects in an
extremely long-lived bird: the grey-headed albatross Thallassarche chrysostoma.
Proc R Soc B 273: 1625–1630.
10. Jones OR, Gaillard JM, Tuljapurkar S, Alho JS, Armitage KB, et al. (2008)
Senescence rates are determined by ranking on the fast-slow life-history
continuum. Ecol Lett 11: 664–673.
11. Nussey DH, Kruuk LEB, Donald A, Fowlie M, Clutton-Brock TH (2006) The
rate of senescence in maternal performance increases with early-life fecundity in
red deer. Ecol Lett 9: 1342–1350.
12. Sharp SP, Clutton-Brock TH (2010) Reproductive senescence in a cooperatively
breeding mammal. J Anim Ecol 79: 176–183.
13. Reid JM, Bignal EM, Bignal S, McCracken DI, Bogdanova MI, et al. (2010)
Parent age, lifespan and offspring survival: structured variation in life history in a
wild population. J Anim Ecol 79: 851–862.
14. Nikola T, Darka E, Vesna S (2004) The short-term and long-term effects of
parental age in the bean weevil (Acanthoscelides obtectus). Evol Ecol 18: 187–201.
15. Yılmaz M, O ¨ zsoy ÆED, Bozcuk ÆAN (2008) Maternal age effects on longevity
in Drosophila melanogaster populations of different origin. Biogerontology 9:
163–168.
16. Priest NK, Mackowiak B, Promislow DEL (2002) The role of parental age effects
on the evolution of aging. Evolution 56: 927–935.
17. Kern S, Ackerman M, Stearns SC, Kawecki TJ (2001) Decline in offspring
viability as a manifestation of aging in Drosophila melanogaster. Evolution 55:
1822–1831.
18. Moore PJ, Harris WE (2003) Is a decline in offspring quality a necessary
consequence of maternal age? Proc R Soc B 270: S192–S194.
19. Partridge L, Gems D (2007) Benchmarks for ageing studies. Nature 450:
165–167.
20. Descamps S, Boutin S, Berteaux D, Gaillard JM (2008) Age-specific variation in
survival, reproductive success and offspring quality in red squirrels: evidence of
senescence. Oikos 117: 1406–1416.
21. Bouwhuis S, Sheldon BC, Verhulst S, Charmantier A (2009) Great tits growing
old: selective disappearance and the partitioning of senescence to stages within
the breeding cycle. Proc R Soc B 276: 2769–2777.
22. Bouwhuis S, Charmantier A, Verhulst S, Sheldon BC (2010) Trans-generational
effects on ageing in a wild bird population. J Evol Biol 23: 636–642.
23. Fitzgerald C, Zimon AE, Jones EE (1998) Aging and reproductive potential in
women. Yale J Biol Med 71: 367–381.
24. Velando A, Torres R, Alonso-Alvarez C (2008) Avoiding bad genes: oxidatively
damaged DNA in germ line and mate choice. BioEssays 30: 11–12.
25. Beamonte-Barrientos R, Velando A, Drummond H, Torres R (2010)
Senescence of maternal effects: aging influences egg quality and rearing
capacities of a long-lived bird. Am Nat 175: 469–480.
26. Møller AP, Mousseau TA, Rudolfsen G, Balbontı ´n J, Marzal A, et al. (2009)
Senescent sperm performance in old male birds. J Evol Biol 22: 334–344.
27. Velando A, Noguera JC, Drummond H, Torres R (2011) Senescent males carry
premutagenic lesions in sperm. J Evol Biol 24: 693–697.
28. Pizzari T, Dean R, Pacey A, Moore H, Bonsall MB (2008) The evolutionary
ecology of pre- and post-meiotic sperm senescence. Trends Ecol Evol 23:
131–140.
29. White J, Wagner RH, Helfenstein F, Hatch SA, Mulard H, et al. (2008) Multiple
deleterious effects of experimentally aged sperm in a monogamous bird. Proc
Natl Acad Sci USA 105: 13947–13952.
30. Cam E, Monnat JY (2000) Apparent inferiority of first time breeders in the
Kittiwake: the role of heterogeneity among age classes. J Anim Ecol 69:
380–394.
31. Barbraud C, Weimerskirch H (2005) Environmental conditions and breeding
experience affect costs of reproduction in blue petrels. Ecology 86: 682–692.
32. Sanz-Aguilar A, Tavecchia G, Pradel R, Mı ´nguez E, Oro D (2008) The cost of
reproduction and experience-dependent vital rates in a small petrel. Ecology 89:
3195–3203.
33. Curio E (1983) Why do young birds reproduce less well? Ibis 125: 400–404.
34. Nol E, Smith JNM (1987) Effects of age and breeding experience on seasonal
reproductive success in the song sparrow. J Anim Ecol 56: 301–313.
35. Komdeur J (1996) Influence of age on reproductive performance in the
Seychelles warbler. Behav Ecol 7: 417–425.
36. Pa ¨rt T (2001) Experimental evidence of environmental effects on age-specific
reproductive success: the importance of resource quality. Proc R Soc B 268:
2267–2271.
37. Kirkwood TBL, Austad SN (2000) Why do we age? Nature 408: 233–238.
38. McCleerly RH, Perrins CM, Sheldon BC, Charmantier A (2008) Age-specific
reproduction in a long-lived species: the combined effects of senescence and
individual quality. Proc R Soc B 275: 963–970.
39. van de Pol M, Verhulst S (2006) Age-dependent traits: a new statistical model to
separate within- and between individual effects. Am Nat 167: 766–773.
40. Nussey D, Coulson JC, Festa-Bianchet M, Gaillard J-M (2008) Measuring
senescence in wild animal populations: towards a longitudinal approach. Funct
Ecol 22: 393–406.
41. Reid JM, Bignal EM, McCracken DI, Monaghan P (2003) Age-specific
reproductive performance in red-billed choughs Pyrrhocorax pyrrhocorax: patterns
and processes in a natural population. J Anim Ecol 72: 765–776.
42. Coulson JC, Fairweather JA (2001) Reduced reproductive performance prior to
death in the black-legged kittiwake: senescence or terminal illness? J Avian Biol
32: 146–152.
Senescent Parents Produce Less Viable Offspring
PLoS ONE | www.plosone.org 6 November 2011 | Volume 6 | Issue 11 | e2724543. Rattiste K (2004) Reproductive success in presenescent common gulls (Larus
canus): the importance of the last year of life. Proc R Soc B 271: 2059–2064.
44. Ricklefs RE (2008) The evolution of senescence from a comparative perspective.
Funct Ecol 22: 379–392.
45. Williams GC (1966) Adaptation and natural selection. Princeton: Princeton
University Press.
46. Clutton-Brock TH (1984) Reproductive effort and terminal investment in
iteroparous animals. Am Nat 123: 212–229.
47. Nelson B (1978) The Sulidae: Gannets and Boobies. Oxford: Oxford University
Press.
48. Torres R, Drummond H (1999) Does large size make daughters of the blue-
footed booby more expensive than sons? J Anim Ecol 68: 1–10.
49. Drummond H, Torres R, Krishnan VV (2003) Buffered development: resilience
after aggressive subordination in infancy. Am Nat 161: 794–807.
50. Oro D, Torres R, Rodrı ´guez C, Drummond H (2010) Climatic influence on
demographic parameters of a tropical seabird varies with age and sex. Ecology
91: 1205–1214.
51. Velando A, Drummond H, Torres R (2006) Senescent birds redouble
reproductive effort when ill: confirmation of the terminal investment hypothesis.
Proc R Soc B 273: 1443–1448.
52. Torres R, Velando A (2007) Male reproductive senescence: the price of immune-
induced oxidative damage on sexual attractiveness in the blue-footed booby.
J Anim Ecol 76: 1161–1168.
53. Kim S-Y, Velando A, Torres R, Drummond H (2011) Effects of recruiting age
on senescence, lifespan and lifetime reproductive success in a long-lived seabird.
Oecologia 166: 615–626.
54. Guerra M, Drummond H (1995) Reversed sexual size dimorphism and parental
care: minimal division of labour in the blue-footed booby. Behaviour 132:
479–496.
55. Velando A, Alonso-Alvarez C (2003) Differential body condition regulation by
males and females in response to experimental manipulations of brood size and
parental effort in the blue-footed Booby. J Anim Ecol 72: 846–856.
56. Osorio-Beristain M, Drummond H (1993) Natal dispersal and deferred breeding
in the blue-footed booby. Auk 110: 234–239.
57. Kim S-Y, Torres R, Domı ´nguez C, Drummond H (2007) Lifetime philopatry in
the blue-footed booby: a longitudinal study. Behav Ecol 18: 1132–1138.
58. Kim S-Y, Torres R, Drummond H (2009) Simultaneous positive and negative
density-dependent dispersal in a colonial bird species. Ecology 90: 230–239.
59. SAS Institute (1999) SAS Online Documentation, Version 8. CaryNC: SAS
Institute Inc.
60. Littell RC, Milliken GA, Stroup WW, Wolfinger RD, Schabenberger O (2006)
SAS for mixed models. 2nd edition. Cary: SAS Institute Inc.
61. Thompson PM, Ollason JC (2001) Lagged effects of ocean climate change on
fulmar population dynamics. Nature 413: 417–420.
62. Crespin L, Harris MP, Lebreton JD, Frederiksen M, Wanless S (2006)
Recruitment to a seabird population depends on environmental factors and
on population size. J Anim Ecol 75: 228–238.
63. Perrins CM (1970) The timing of birds’ breeding seasons. Ibis 112: 242–255.
64. Daan S, Dijkstra C, Tinbergen JM (1990) Family planning in the kestrel (Falco
tinnunculus): the ultimate control of variation in laying date and clutch size.
Behaviour 114: 83–116.
65. Caro SP, Charmantier A, Lambrechts MM, Blondel J, Balthazart J, et al. (2009)
Local adaptation of timing of reproduction: females are in the driver’s seat.
Funct Ecol 23: 172–179.
66. Nilsson J-A (1999) Fitness consequences of timing of reproduction. In: Proc. 22
Int. Ornithol. Congr., Durban (eds NJ Adams and RH Slotow), pp. 234–247.
Johannesburg, South Africa: Birdlife South Africa.
67. Velando A (2000) The importance of the hatching date on dominance of young
shags. Animl Behav 60: 181–185.
68. Aguirre JI, Vergara P (2007) Younger, weaker white stork (Ciconia ciconia)
nestlings become the best breeders. Evol Ecol Res 9: 355–364.
69. Reed TE, Kruuk LEB, Wanless S, Frederiksen M, Cunningham EJA, et al.
(2008) Reproductive senescence in a long-lived seabird: rates of decline in late-
life performance are associated with varying costs of early reproduction. Am Nat
171: E89–E101.
70. Daunt F, Wanless S, Harris MP, Monaghan P (1999) Experimental evidence
that age-specific reproductive success is independent of environmental effects.
Proc R Soc B 266: 1489–1493.
71. Angelier F, Weimerskirch H, Dano S, Chastel O (2007) Age, experience and
reproductive performance in a long-lived bird: a hormonal perspective. Behav
Ecol Sociobiol 61: 611–621.
72. McNamara JM, Houston AI, Barta Z, Scheuerlein A, Fromhage L (2009)
Deterioration, death and the evolution of reproductive restraint in late life.
Proc R Soc B 276: 4061–4066.
73. Waskar M, Li Y, Tower J (2005) Stem cell aging in the Drosophila ovary. Age 27:
201–212.
74. Hansen TF, Price DK (1995) Good genes and old age: Do old mates provide
superior genes? J Evol Biol 8: 759–778.
75. Wyrobek AJ, Eskenazi B, Young S, Arnheim N, Tiemann-Boege I, et al. (2006)
Advancing age has differential effects on DNA damage, chromatin integrity,
gene mutations, and aneuploidies in sperm. Proc Natl Acad Sci USA 103:
9601–9606.
76. Rose MR (1991) Evolutionary biology of ageing. Oxford: Oxford University
Press.
77. Hayflic L (2000) The future of ageing. Nature 408: 267–269.
78. Kim S-Y, Drummond H, Torres R, Velando A (2011) Evolvability of an avian
life-history trait declines with father’s age. J Evol Biol 24: 295–302.
Senescent Parents Produce Less Viable Offspring
PLoS ONE | www.plosone.org 7 November 2011 | Volume 6 | Issue 11 | e27245